Abstract Substance abuse is a risk factor for HIV infection and progression to AIDS. Recent evidence establishes that cocaine use promotes brain perivascular macrophage infiltration and microglia activation. The lysosomal protease cathepsin B is increased in monocytes from patients with HIV dementia and its secretion induces 10-15 % of neurotoxicity. Here we asked if cocaine potentiates cathepsin B secretion from HIV-infected monocyte-derived macrophages (MDM) and its effect in neuronal apoptosis. Samples of plasma, CSF, and post-mortem brain tissue from HIV positive patients that used cocaine were tested for cathepsin B and its inhibitors to determine the in vivo relevance of these findings. MDM were inoculated with HIV-1 ADA , exposed to cocaine, and the levels of secreted and bioactive cathepsin B and its inhibitors were measured at different time-points. Cathepsin B expression (p<0.001) and activity (p<0.05) increased in supernatants from HIVinfected cocaine treated MDM compared with HIVinfected cocaine negative controls. Increased levels of cystatin B expression was also found in supernatants from HIV-cocaine treated MDM (p < 0.05). A significant increase in 30 % of apoptotic neurons was obtained that decreased to 5 % with the specific cathepsin B inhibitor (CA-074) or with cathepsin B antibody. Cathepsin B was significantly increased in the plasma and post-mortem brain tissue of HIV/cocaine users over non-drug users. Our results demonstrated that cocaine potentiates cathepsin B secretion in HIV-infected MDM and increase neuronal apoptosis. These findings provide new evidence that cocaine synergize with HIV-1 infection in increasing cathepsin B secretion and neurotoxicity.
Introduction
Cocaine represents the second most popular illicit drug used in the United States (Hughes et al. 2011) . Studies have demonstrated that cocaine use represents a risk factor for acquisition of HIV-infection independently associated with the progression to AIDS (Fiala et al. 1998; Webber et al. 1999) . Cocaine triggers inflammation increasing acute phase proteins such as C-reactive protein (CRP) and serum amyloid A (SAA) (Samikkannu et al. 2013) .
In vitro studies have demonstrated that cocaine increases HIV-1 replication in PBMCs (Peterson et al. 1991) , CD4+T cells (Pandhare et al. 2014 ), macrophages (Dhillon et al. 2007; Gaskill et al. 2009 Gaskill et al. , 2013 , microglia (Gekker et al. 2004 (Gekker et al. , 2006 and potentiates astrocyte toxicity after activation by HIV-1 gp120 . Proteomics analyses have revealed the enhancement of HIV-replication in normal human astrocytes after exposure to cocaine (Reynolds et al. 2006 ). The interaction of HIV-1 with cocaine has also been evaluated using an in vivo mouse model with severe combined immunodeficiency which revealed that cocaine enhances HIV-replication in peripheral blood mononuclear cells (Roth et al. 2002; Griffin et al. 2007) .
HIV associated neurocognitive disorders (HAND) still remain a common complication in viral infection despite the use of combined antiretroviral therapy (CART). Nowadays, it is widely accepted that neurodegeneration is one of the principal hallmarks of HAND that occurs without neuronal infection. Brain degeneration and consequently neuronal apoptosis is triggered by signaling of viral products such as Tat and gp120 (Kaul and Lipton 1999; Bansal et al. 2000; Gurwell et al. 2001; Kaul et al. 2001; Hisaka et al. 2004; Thomas et al. 2009; Merino et al. 2011; Zhang et al. 2011) , cytokines and chemokines (Lee et al. 2011; Vazquez-Valls et al. 2011; Yan et al. 2011; Johansson et al. 2013; Lombardelli et al. 2013) , or by toxins produced from infected macrophages including lysosomal protease cathepsin B (Ciborowski and Gendelman 2006; Tian et al. 2008; Turchan-Cholewo et al. 2009; Rodriguez-Franco et al. 2012; Tovar-Y-Romo et al. 2013) . Furthermore, studies demonstrated that cocaine can amplify the immune response and cause neuroinflammation (Clark et al. 2013 ) via dysfunction of the BBB (Dhillon et al. 2008; Gandhi et al. 2010 ) through alterations of tight junction proteins (Dhillon et al. 2007 ), increased glial activation, and induction of neuroinflammatory pathways (Yao et al. 2011; Kousik et al. 2012) .
Recently, we reported that HIV-1 infection induces cathepsin B in plasma of HIV infected patients (Cantres-Rosario et al. 2013) and that cathepsin B secreted from HIV-1 infected MDM contributes to neuronal apoptosis (Rodriguez-Franco et al. 2012 ), but, the effects of cocaine in cathepsin B secretion were unknown. In this work, we hypothesized that cocaine potentiates the detrimental effects of HIV-1 in MDM and promotes an increase of Cathepsin B secretion and neuronal apoptosis. To understand the effects of cocaine in HIV-1 infected MDM, primary macrophages were isolated from healthy donors, infected with HIV-1ADA, and treated in presence or absence of cocaine for over 12 days. Results show an increased cathepsin B secretion and activity from HIVinfected and cocaine-treated MDM supernatants. Increased levels of cathepsin B inhibitor, cystatin B were also observed. To determine the detrimental effects of cocaine exposed MDM in neurons, supernatants from HIV-infected cocaine-treated MDM following serumfree media exchange for 24 h were added to cultured neurons and apoptosis was measured. Increased levels of apoptosis were observed in neurons treated with HIVinfected cocaine treated MDM supernatants compared to supernatants from HIV-infected cocaine negative MDM controls. Apoptosis was reversed using a cathepsin B specific inhibitor and with a cathepsin B antibody.
To determine the clinical relevance of these findings, plasma samples from HIV-seropositive Hispanic women that were cocaine users were compared to non-drug users. Results revealed an increased cathepsin B concentration and activity in plasma but not in the CSF of HIV-1 seropositive women that were cocaine users. The cathepsin B natural inhibitor, cystatin B also increased in the plasma of these women but not in the CSF. These data suggest that cocaine enhances HIV-1 infection in MDM increasing cathepsin B secretion and activity that causes detrimental effects in neuronal function by triggering apoptosis.
Materials and Methods

Human Subjects
Plasma and CSF samples were obtained from a repository of samples of the Hispanic Women cohort followed at the Specialized NeuroAIDS Research Program of the University of Puerto Rico Medical Sciences Campus from (Wojna et al. 2006 Cantres-Rosario et al. 2013 ) following approval by the Institutional Human Subject Review Board (IRB #0720109, 0720102). Patient demographics were as follows: HIV-1 infected women with combined antiretroviral therapy (cART), ages 26-48 years, and nondrug users defined by a urine toxicology screen (n=6). Samples that were positive for cocaine (n=6) by urine toxicology were stored and selected for this study following consent of the subjects in the original studies. Four HIV seronegative donors were recruited for MDM isolation for HIV-infection studies.
Isolation and Culture of Primary Macrophages
Primary Human macrophages were isolated from peripheral blood mononuclear cells (PBMC) of healthy donors. Blood was collected in ACD tubes and PBMC isolated using Ficoll density gradient separation. Adherent monocytes were cultured in T-25 flasks at a concentration of 1.5×10 6 cells/ml and grown in RPMI supplemented with 20 % heat-inactivated fetal bovine serum (FBS), 10 % heat-inactivated human serum and 1 % Pen/Strep (all from Sigma, St. Louis, MO). Half of the medium was changed every 3 days for all cultures and incubated at 37°C, 5 % CO 2 . Seven days later, adherent cells were differentiated as >90 % MDM (Rodriguez-Franco et al. 2012 ).
HIV-1 Infection and Cocaine Exposure of Monocyte Derived Macrophages
After 7 days in culture, MDM were inoculated with HIV-1 ADA (University of Nebraska Medical Center) at a multiplicity of infection (MOI) of 0.1 or with serum free media (uninfected controls) (Ghorpade et al. 1998; Rodriguez-Franco et al. 2012) . After overnight incubation, unbound virus was removed using RPMI and fresh serum containing medium was added. HIV-1 infected and uninfected MDM were cultured in the presence/absence of cocaine for 12 days. Cocaine was removed on day 12 post-infection, and replaced with serum free cocaine-free media that was added to MDM for 24 h (macrophage conditioned media or MCM). The concentration of cocaine was selected after titration with 10 μM, and 100 μM, following determination of cell viability by MTT assay. The range of cocaine concentration tested were based on previous studies reported in the literature (Peterson et al. 1991; Gekker et al. 2006; Dhillon et al. 2007; Yang et al. 2010; Mantri et al. 2012) . Cocaine (10 μM) was added fresh with every change of cell media. Morphology of macrophages remained intact at 10 uM of cocaine with a viability of 85 % but appeared to be disrupted at higher concentrations of cocaine (100uM), decreasing the viability to 79 %. Therefore we selected 10uM of cocaine for the study. MDM culture supernatants were removed at 3, 6 and 12 days post-infection (dpi), centrifuged and stored at -80°C (Rodriguez-Franco et al. 2012) for HIV p24 antigen ELISA according to the manufacturer's instructions (Express BioTech, Maryland, USA). Following media removal at 3,6, and 12 dpi, cells were washed and serum free media added for 24 h for neurotoxicity assays. This media is known as MDM conditioned medium (MCM).
Human Neuroblastoma SK-N-SH Cell Cultures SK-N-SH (HTB-11) cells (human neuroblastoma cell line, ATCC), were grown and plated in 4-well chamber slides (Fisher Scientific, Suwannee, GA) at a density of 2×10 5 cells per well and cultured in Eagle's MEM (EMEM) supplemented with 10 % fetal bovine serum (FBS), 1 % sodium pyruvate and 1 % non-essential amino acids (all from Sigma) and incubated for 3-5 days at 37°C, 5 % CO 2 until 75-80 % confluence.
Expression of Cathepsin B in Plasma, Cerebrospinal Fluid (CSF) and MDM Supernatants Sandwich ELISA (R&D Systems, Minnesota, USA) was used for the quantitative determination of human cathepsin B concentrations from cell lysates and culture supernatants, as well as patient plasma and CSF following to the manufacturer's instructions. Briefly, 100 μL of MDM supernatants (1:100 dilution), plasma (1:20 dilution), and CSF (1:10 dilution) were incubated for 2 h in a plate pre-coated with anti-human cathepsin B. After incubation, the plate was washed and incubated with 200 μL of conjugate for 2 h, washed, 200 μL of substrate added, and incubated for 30 min in the dark. Samples from 6 different donors were assayed in duplicates and read at 450 nm in a Dinex MRX Revelation Microplate Reader (Chantilly, VA).
Expression of Cystatin B and Cystatin C in Plasma, Cerebrospinal Fluid (CSF) and MDM Supernatants Cystatin B expression levels were measured with an ELISA (USCN Life Science Inc., Wuhan, China) according to the manufacturer's instructions with a final dilution of 1:10 for plasma, 1:20 for CSF, and 1:100 for MDM supernatants. Briefly, 100 μL of the diluted samples were incubated in a human anti-cystatin B pre coated plate for 2 h at 37°C. After incubation, 100 μL of detection reagent A and detection reagent B for 30 min were added separately. Finally, 90 μL of substrate solution were added and incubated for 30 min in the dark. Cystatin C ELISA (BioVendor, Candler, North Carolina, USA) was performed following the manufacturer's instructions using CSF at 1:600, plasma and MDM supernatants at 1:400 dilution. Samples from 6 different donors were assayed in duplicates and read at 450 nm in a Dinex MRX Revelation Microplate Reader (Chantilly, VA).
Intracellular Expression of Cathepsin B and Cystatins B and C by Western Blots
Twenty micrograms of total protein from cell lystates were lyophilized at 4°C and rehydrated in 10 μl of sample buffer (4.75 μL of Laemmli sample buffer, 0.25 μL of β-mercaptoethanol [BioRad] and 5.00 μl of ultrapure water (HPLC), and heated at 70°C for 10 min. Samples were loaded into 4-20 % Tris-HCl 15-well Ready Gels (BioRad), together with a 10 μl of molecular weight marker Invitrogen See Blue Ladder and positive controls for cystatin B, cystatin C and cathepsin B (isolated human protein from liver, Bio Vision, New Minas, N Nova Scotia, Canada). Proteins were separated at 150 V for 1 hour according to the NuPAGE® Protocol (Life Technologies, Grand Island, NY). After electrophoresis, proteins were transferred to a PVDF membrane using the semidry transfer method on a BioRad Trans Blot Turbo Transfer System for 7 min at 1.3 A-25 V per gel. After transfer, membranes were blocked with non-fat dry milk in 1X T-TBS for 1 h at room temperature with shaking. Membranes were incubated overnight at 4°C with 1°antibody; these are mouse anti-human cathepsin B (1:500), mouse anti-human cystatin B (1:2000) and rabbit GAPDH (1:500) followed by secondary anti-mouse Ig G-HRP (Sigma) and by secondary anti-rabbit Ig G-HRP (Sigma) or anti-mouse IgG-HRP (Sigma). All incubations with primary antibodies were conducted overnight at 4°C; all incubations with secondary antibodies were conducted for 1 h at room temperature. Following incubations with primary and secondary antibodies, membranes were washed with 1X T-TBS at room tempera t u r e , f o r f i v e t i m e s a t 5 -1 0 m i n e a c h t i m e . Chemiluminescence (Super Signal West Femto Detection Kit; Pierce, Rockford, IL) was used for signal detection at BioRad Chemi Doc XR. The density of protein bands was determined using the Image Lab software (BioRad) and normalized against monoclonal rabbit anti-GAPDH (Sigma).
Cathepsin B Activity Assay
The cathepsin B activity was determined using the cathepsin B Activity Assay Kit (Bio Vision, California, USA). This is a fluorescence-based assay that utilizes the preferred cathepsin-B substrate sequence RR labeled with AFC (amino-4-trifluoromethyl coumarin). Cell lysates or other samples that contain cathepsin-B will cleave the synthetic substrate RR-AFC to release free AFC. The released AFC can easily be quantified using a fluorescence plate reader. MDM supernatants collected from 3, 6, and 12dpi were assayed in duplicates following the manufacturer's instructions. The signal was quantified using a fluorescence plate reader (Varioskan Flash; Thermo Fisher Scientific) with excitation at 400 nm and emission at 505 nm.
Cathepsin B Neurotoxicity Assay
Cathepsin B neurotoxic potential was determined according to Rodriguez-Franco et al. 2012 . Briefly, confluent SK-N-SH neurons were washed with Phosphate Buffered Saline (PBS) and incubated with MDM conditioned medium (MCM). The MCM consist of fresh serum-free supernatants from HIVinfected, uninfected, uninfected cocaine-treated and lastly HIV-infected cocaine-treated MDM from four different donors and diluted 1:4 with plain EMEM. The MCM was added with or without the specific cathepsin B inhibitor (CA-074) at 50 μM. In addition to CA-074, a mouse anti-human monoclonal cathepsin B antibody (Sigma) was used at 1:500, which binds 50X of secreted cathepsin B and inhibits the enzyme. For apoptosis determination with TUNEL assay, SK-N-SK were grown in 4-well chamber slides at a density of 2×10 5 cells per well and incubated at 37°C, 5 % CO 2 until 75-80 % confluence. MCM was added to confluent neurons and incubated at 37°C, 5 % CO 2 for 24 h. The next day, neurons were washed with PBS and fixed with 4 % paraformaldehyde (PFA) for 1 h. To quench auto-fluorescence, fixed neurons were incubated with 3 % hydrogen peroxide with methanol for 10 min and permeabilized on ice with 0.1 % TritonX-100 in 1.0 % sodium citrate for 10 min. The in situ cell death detection Kit; also named as TUNEL (TdT-mediated dUTP-X nick end labeling) (ROCHE®) was performed by incubating neurons with TUNEL reaction mix for 1 h at 37°C in a humidity chamber in the dark. Cells were washed 3 times with PBS and covered with anti-fade mounting media (Vectashield®). The positive control consists of cells incubated with recombinant DNase I (30U/Ml) for 10 min at room temperature to induce DNA breaks. The negative control consisted of cells incubated with the label solution without the enzyme. Confocal microscopy was performed using a Zeiss confocal microscope Anxiovert 200 M with LSM 510 under an excitation wavelength of 488 nm, 20x magnification. Analysis of percentage of apoptosis was determined using the Image J program software (National Institutes of Health).
Immunohistochemistry of Frozen Human Post-Mortem Brain Tissues
Brain tissue samples of basal ganglia in paraffin embedded slides were obtained from the National NeuroAIDS Tissue Consortium (NNTC). Serial sections of formalin-fixed, paraffin-embedded basal ganglia tissues from HIVE patients or normal controls were placed on electromagnetically charged glass slides. Sections were deparaffinized in xylene and rehydrated through descending grades of ethanol and water. After non-enzymatic antigen retrieval in 0.01 M sodium citrate buffer (pH 6.0) for 30 min at 97°C in a vacuum oven, slides were washed with 1 X PBS and placed in blocking solution (5 % normal goat serum; Vector Laboratories) for 2 h. Primary antibodies utilized included IBA (1: 100; Wako, Richmond, VA), cathepsin-B (1: 100; Sigma), and cystatin B (1:100 Sigma). Sections were incubated with primary antibody overnight in a dark, humidified chamber at room temperature, rinsed 3X with PBS, and incubated with fluorescein isothiocyanate (FITC) (1: 200; Vector Laboratories) or Rhodamine Red (1: 200; Vector Laboratories)-conjugated secondary antibodies for 1 h at room temperature in the dark. Sections were again washed 3 X with PBS, cover-slipped with an aqueous based mounting medium containing DAPI for nuclear labeling (Vectashield; Vector Laboratories), visualized with a Nikon Eclipse E400, camera SPOT Insight QE and Fluorescence X-Cite Series 120.
Statistical Analysis
Data from each experiment were tested for normal distribution using the Shapiro-Wilk test of normality. For those data that were normally distributed, descriptive statistics included mean and standard deviation. Differences between, HIV-negatives cocaine-treated/untreated and HIV-positives cocaine-treated/ untreated samples over days of infection were assessed using analysis of variance (ANOVA). For those data that were not normally distributed, descriptive statistics included median and interquartile range (25th and 75th percentile of the distribution). Differences between groups and over days of infection were assessed using median one-way analysis of variance one way ANOVA. Statistical significance was considered at p<0.05 for all comparisons. All statistics were performed using Graph pad Prism (version 5.0, La Jolla, CA; USA).
Results
Patients
This study analyzed stored samples of plasma and CSF from 6 HIV-seropositive patients (controls) and 6 HIV-seropositive positive for cocaine from our Hispanic women cohort. Most of the patients (>80 %), including the cocaine users were on combined antiretroviral therapy (cART). The mean of CNS penetration index (CPE) was also calculated; 8.2 for HIVinfected patients and 5.7 for HIV-infected cocaine-users. No statistical significance in viral load in plasma and CSF was found between HIV-infected and HIV-infected cocaine-users (Table 1 ). No differences were found for the CD4 count levels between cocaine and non-cocaine users ( Supplementary  Fig. 1 ). Significant differences in the CSF viral load exist between plasma and CSF compartments from both groups of patients (p<0.001).
Plasma Cathepsin B Secretion and Activity is Increased in HIV-Seropositive Cocaine-Users It has been reported that cathepsin B increases in plasma of HIV-seropositive women as compared to HIV seronegative controls (Cantres-Rosario et al. 2013) . We next asked if cocaine use affected cathepsin B is expression and activity. Our results show a significantly increased (p<0.05) cathepsin B concentration and activity in the plasma of HIV-seropositive women cocaine-users compared with HIV-seropositive women ( Fig. 1a and b) . No difference of cathepsin B secretion and activity was observed in the CSF between both groups (Data not shown).
Cystatin B Expression is Increased in Plasma of HIV-Seropositive Cocaine-Users
Under normal conditions, cathepsin B is highly regulated by its cysteine protease inhibitors cystatin B and cystatin C in the lysosomes (Brix et al. 2008) . Our group has previously reported increased cathepsin B and its inhibitor, cystatin B in the plasma of HIV-1 seropositive women compared to uninfected controls demonstrating a dysregulation of cathepsin B induced by HIV-1 infection (Cantres-Rosario et al. 2013) . To determine if cocaine use affect the expression of cystatin B and C in plasma of HIV-infected women cocaine-users an ELISA was performed for both proteins. Our results show an increase in plasma cystatin B of HIV-infected cocaine users women compared with HIV-seropositive women that do not use cocaine (Fig. 1c) . Differences in cystatin B in the CSF were not observed (Fig. 1d) . Median cystatin C concentration in plasma and CSF was 750 ng/mL. No significant differences in cystatin C were found in plasma or CSF between HIV seropositive women cocaine users and non-drug users (Supplementary Fig. 2 ). These data suggest that cocaine and HIV-1 increase the levels of cathepsin B and its inhibitor cystatin B in the plasma of HIV-seropositive women.
Cocaine Potentiates Cathepsin B Secretion and Activity in HIV-Infected MDM To determine the effect of cocaine in macrophage-derived cathepsin B and its inhibitors, MDM were infected with HIV-1 ADA and followed over time in culture. A productive HIV-1 infection was obtained in the three experiments that increased even further with cocaine use at 12 days postinfection ( Supplementary Fig. 3) .
Cathepsin B was measured in the supernatants of HIVinfected cocaine exposed MDM as compared to HIV positives and HIV negative cultures. Results show a significant increased (p<0.001) cathepsin B secretion in HIV-infected cultures over uninfected controls (Fig. 2a) . The levels of cathepsin B in the HIV-infected cocaine-treated MDM increased significantly over the HIV-infected cocaine negative cultures (p<0.001). Cathepsin B activity also increased in HIV positive cocaine exposed MDM compared to HIV-infected cocaine negative cultures (p<0.05) (Fig. 2b) . These data suggest that cocaine enhances the secretion of cathepsin B from HIVinfected MDM. Cocaine also induced the expression of the cathepsin B inhibitor cystatin B (Fig. 2c) but not cystatin C in HIV-infected MDM (Fig. 2d) . Levels of intracellular cathepsin B and its inhibitors, cystatin B and cystatin C were also measured by Western blots and compared to GAPDH loading control by densitometry. No significant differences were found between HIV-infected cocaine treated and cocaine negative controls for cathepsin B, cystatin B, and cystatin C expression ( Supplementary Fig. 3 ).
Cocaine Potentiates the Neurotoxic Effect of Cathepsin B in HIV-Infected MDM
We next asked if cocaine enhances with HIV in the induction of neurotoxic potential by MDM derived cathepsin B. To test this hypothesis, differentiated SK-N-SH human neuroblastoma cells were cultured until confluence followed by addition of optimal concentration of macrophage condition media (MCM) (1:4 dilution) from cocaine exposed HIV-infected MDM and controls (Rodriguez-Franco et al. 2012) . Neuronal apoptosis was determined using TUNEL labeling and the images were analyzed by confocal microscopy (Fig. 3a) . Results of TUNEL labeling indicate increased apoptosis after addition of MCM from HIV infected MDM as demonstrated previously with HIV-infection (RodriguezFranco et al 2012). Some apoptosis was also observed after addition of MCM from cocaine exposed MDM. Apoptosis was enhanced in neurons that were incubated with MCM from cocaine exposed HIV infected MDM ( Fig. 3a ; boxes 6 and 8) over cocaine negative HIV-1 infected cells ( Fig. 3a; boxes 11 and 12). The combination of HIV-1 infection and cocaine exposure of MDM resulted in enhancement of neuronal apoptosis by MCM at 6 and 12dpi ( Fig. 3a ; boxes 16 and 18) when compared to MCM from HIV-1infected MCM, or cocaine exposed MDM.
Apoptosis was reduced with cathepsin B inhibitor and antibody against cathepsin B ( Fig. 3a;boxes 19 and 20) .
Quantification of neuronal apoptosis at 6dpi was determined using Image J software (Fig. 3b) . Our results show a significant increase in percentage of apoptotic neurons from 2 CPE Antiretroviral therapy CNS penetration effectiveness (CPE) is the degree of antiretroviral penetration across the blood-brain barrier to the CNS reaching therapeutic drug concentrations in cerebrospinal fluid. This depends on the characteristics of the antiretrovirals (molecular weight, lipophilicity, protein binding) and on their capacity to be substrate for efflux transporters. No significant differences were found in all of the above parameters between HIV-1 infected cocaine users and non-drug users. Significant differences existed in the viral load between plasma and CSF compartments (p<0.001) Fig. 1 Increased cathepsin B and cystatin B in plasma samples of HIV-infected cocaine-abuse patients. Cathepsin B levels and activity were measured in plasma and CSF of HIV-seropositive patients and HIV-seropositive patients that are cocaine abusers. There was a significant increase (p<0.05) of cathepsin B expression (a) and activity (b) in plasma of HIV-seropositive women cocaine-users compared with non-cocaine users. No significant differences in cathepsin B levels and activity were observed in the CSF of these women patients (Data not shown). Cystatin B and Cystatin C levels were measured in the plasma and CSF of HIVseropositive women (n=6) and HIV-seropositive women cocaine-users (n=6) Increased levels of cystatin B were observed in plasma of HIV-seropositive women that are cocaine abusers (c) (p<0.01). No differences in cystatin C were observed neither in plasma (d) samples. No differences in cystatins b or c were found in CSF samples (Data not shown) HIV-1 infected cocaine exposed MCM (30 %) at day 6 and 12 dpi compared with HIV-infected MCM cocaine negative controls (15 % apoptosis) and to neurons treated with uninfected MCM (1-3 % apoptosis) (Fig. 3b) . Moreover, significant reduction (p<0.001) in the percentage of neuronal apoptosis upon pre-treatment with cathepsin B inhibitor (CA-074) (Fig. 3b, panels 4 , 9, 14, and 19) or cathepsin B antibody (Fig. 3b, panels 5, 10, 15, and 20) indicates that cathepsin B is inducing neuronal apoptosis. These results are representative of four different experiments.
Increased Cathepsin B in HIV/Cocaine Post-Mortem Brains
We performed an analysis of cathepsin B, cystatin B expression in macrophages from the basal ganglia derived from postmortem brain tissue of three uninfected cocaine negative, three HIV-infected cocaine negative, and three HIV-infected cocaine positive patients (Table 2) . Results show that the levels of cathepsin B are undetectable in the basal ganglia of the uninfected cocaine negative group (Fig. 4a) . The same results were observed for cystatin B in the same group (Fig. 4d) . In contrast, increased levels of cathepsin B and cystatin B were seen in the basal ganglia of an HIV-1 positive individual with no cocaine history ( Fig. 4b and e) . Double-staining of tissue with an antibody to the macrophage/microglia marker Iba-1 shows a significant overlap with cathepsin B and cystatin B staining in the HIV+cocaine positive cases (Fig. 4c and f) , suggesting that cocaine induces expression of both proteins, cathepsin B and cystatin B in macrophages from basal ganglia of brain tissue derived from cocaine users. Few Iba1 were consistently observed in the post-mortem tissue from HIV seronegative nondrug users. This could be attributed to lack of macrophages/ microglia activation in HIV-seronegatives as compared to HIVinfected patients. Iba1 has the actin-bundling activity and participates in membrane ruffling, phagocytosis and is upregulated during the activation of these cells (Ohsawa et al. 2004 ). In addition HIV-1 promotes inflammation and disruption of blood-brain barrier that results in increased migration of Iba-1 positive macrophages. This does not occur in healthy HIV-1 seronegative controls. 
Discussion
Substance abuse, such as cocaine remains as one of the major barriers of HIV eradication, because drugs, specifically cocaine acts as a cofactor increasing the levels of virus through remodeling of brain vascular endothelial cells (Vittinghoff et al. 2001; Fiala et al. 2005) . Studies have established that cocaine can enhance HIV-replication in CD4+ T cells (Mantri et al. 2012; Pandhare et al. 2014) , blood peripheral monocytes (Peterson et al. 1991) , microglia (Gekker et al. 2006 ) and astrocytes . Moreover, recent studies have determined that cocaine enhances HIV-1 induced CD4+ T cell apoptosis and contributes to disease progression among drug users (Pandhare et al. 2014) . Proteomics analyses of monocyte-derived mature dendritic cells demonstrated the effects of cocaine in enhancing HIV-replication with overexpression of important proteins such as aldolase, enolase, cathepsin S, HSP90, MEK1, MEK2 among others (Reynolds et al. 2009 ). Studies in human astrocytes exposed to cocaine also demonstrated increased enolase, aldolase, HSP60, Anexin I among others (Reynolds et al. 2006) . Recent studies from our laboratory demonstrated that HIV-1 replication alters the interactions of cathepsin B with its inhibitors cystatins B and C and induces cathepsin B secretion from MDM which increases neuronal apoptosis (Rodriguez-Franco et al. 2012) . In this study we now asked if cocaine enhances cathepsin B secretion from HIV-infected MDM. To determine the clinical relevance of our findings, studies were also conducted using samples of plasma and CSF from the Hispanic HIVseropositive women and from post-mortem brain tissue obtained from the NNTC. We observed a significant increase in the levels of cathepsin B secretion and activity in plasma of HIV-infected cocaine users compared with non-drug users. This increased cathepsin B in HIV-1 infected cocaine users parallels to previous clinical findings from studies of plasma samples of patients with HIV associated neurocognitive disorders (HAND) (Rivera et al. 2014) . Similar results were obtained in the CSF of HAND patients and in HIV seropositive patients that are cocaine users where cathepsin B secretion and activity remained at the same levels between experimental and control groups. It has been established that HIV-1 transforms the monocyte plasma membrane proteome (Kadiu et al. 2009 ) and proteomics analysis of CSF demonstrated that reduction of antioxidants enzymes such as Cu/Zn SOD and GPx, have been associated with disease severity (Laspiur et al. 2007; Velazquez et al. 2009; Angel et al. 2012) . It is quite possible that an antioxidant imbalance could promote secretion and neurotoxic activity of cathepsin B in the CNS. This is a subject of ongoing studies. Despite lack of differences in cathepsin B expression and activity in the CSF, we observed increased cathepsin B in Iba+macrophages and in some Ibacells from HIV-seropositive patients that were cocaine users. These results demonstrate that cocaine is also inducing cathepsin B expression in the CNS of HIV-1 infected patients.
It is well known that cathepsin B is highly regulated by two principals natural inhibitors; cystatins B and C (Kopitar-Jerala 2006; Brix et al. 2008) . However, previous studies in plasma and CSF of a Hispanic women cohort reported increased cathepsin B and its inhibitors cystatin B and C when compared HIV-infected patients with uninfected controls (CantresRosario et al. 2013 ). Our results also show an increased Fig. 3 Cocaine potentiates cathepsin B neurotoxicity in HIV-infected MDM. Neuronal apoptosis was measured using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay adding serum-free MDM supernatant at 6 and 12 days post-infection as shown by green fluorescence in neurons (apoptosis) and the nucleus stained with DAPI (blue). The results are representative of four experiments (Panel a). The SK-N-SH were exposed to MCM from uninfected (1 and 3), uninfected cocaine-treated (6 and 8), HIV-infected (11 and 13) and HIV-infected cocaine-treated (16 and 18) with the cathepsin B inhibitor (2, 7, 12, and 17) and cathepsin B antibody at 1:500 dilution (5, 10, 15, and 20) do not show apoptosis. Controls are shown in panels 21-24. Neuronal apoptosis increased after the exposure of either HIV infected MCM or cocaine-treated MCM (panels 13 and 18 respectively) in later points of infection. Quantitative analysis of staining ratio between apoptotic (green)/ non-apoptotic (blue) cells were calculated using Image-based Tool for Counting Nuclei (ITCN) from Image J software (NIH) (Panel b). Results revealed a significant increased percentage of apoptosis in neurons treated with HIV-infected supernatant compared with HIV-infected cocaine-treated at 6 and 12 days post-infection (p<0.01). A significant decrease in neuronal apoptosis was observed in neurons pre-treated with cathepsin B inhibitor and cathepsin B antibody at 6 and 12 dpi. (p<0.001) Brain tissue of MHBB patients 10 and 20 μm thick sections slides of deep frontal basal ganglia. Not data available are identified as N/A. Patients identification (1) were stratified by age (2) and different immune and viral parameters such as CD4 and CD8 lymphocyte cell count (3 and 4 respectively), plasma and CSF viral load in copies per mL (5 and 6). Samples were tested also for HIV-infection (7) and cocaine toxicology (8).
Neurocognitive function (9) was classified by NNTC in a scale of 0-9: 0 = Neurocognitive normal, 1 = Neuropsychological impairment, 2 = Possible MCMD, 3 = Probable MCMD, 4 = Possible HAD, 5 = Probable HAD, 6 = Probable CMVE, 7 = Neuropsychological impairment or dementia, 8 = Neuropsychological impairment, cause uncertain, 9 = Test not done cathepsin B and cystatin B secretion during HIV-infection that is potentiated by cocaine. The increased expression of both cathepsin B and its inhibitor, cystatin B can be explained by previous studies that revealed that the delicate balance/ regulation between cathepsin B and its inhibitors cystatins B and C is disrupted by HIV-1 infection of MDM (RodriguezFranco et al. 2012) . This is also observed in other conditions such as ovarian cancer (Kolwijck et al. 2010 ). We observed a significant increased cystatin B but not cystatin C, from plasma of HIV-infected patients that used cocaine compared with non-drug users. No differences were observed in the cystatins B and C concentration in the CSF. In previous studies we have found that cystatin C increases in the plasma of HIV infected patients compared to HIV seronegative controls (Cantres-Rosario et al. 2013 ). However, cystatin C did not increase further with HAND (Cantres-Rosario et al. 2013) The current results with 6 patients suggest that cystatin C does not increase with cocaine use in HIV infected patients but additional studies with more patients may be necessary to confirm our findings. Drug abuse in HIV-infected patients, such as cocaine results in the acceleration and progression from HIV to AIDS (Nair et al. 2000; Vittinghoff et al. 2001) , increased neuroinvasion (Fiala et al. 1998 ) thought remodeling brain microvascular endothelial cells (Fiala et al. 2005) , and opens the blood brain barrier to HIV-1 invasion Silverstein et al. 2012) . We have demonstrated previously, that HIV-1 infection in MDM promotes cathepsin B secretion and neuronal apoptosis. Now, we wanted to determine the effects of cocaine in cathepsin B secretion from MDM during HIVinfection. In order to answer this question, we used monocytes differentiated into macrophages from healthy donors and infected these with HIV and thereafter exposed them to cocaine. Supernatants of uninfected, uninfected cocaine-treated, HIVinfected and HIV-infected cocaine-treated were collected at 3, 6 and 12 dpi in order to measure the levels of secretion of , and HIV-seropositive cocaine positive patients were stained with mouse anti-human cathepsin B followed by Alexa 488 conjugate goat anti-mouse (green). For cystatin B staining, mouse anti-human cystatin B followed by Alexa 488 conjugate goat anti-mouse (green) was used. For microglia staining, rabbit antihuman Iba-1 followed by Alexa 546 goat anti-rabbit (red), and nuclear staining by DAPI (blue) was used. Secondary antibody was used as control of non-specific staining as shown in G. Magnification: 40X cathepsin B by ELISA. In the present study we found that cocaine induced a 60 % increase in the levels of cathepsin B secretion from HIV-infected cocaine-treated MDM supernatants compared to HIV-infected non-cocaine controls at 12dpi. Levels of bioactive cathepsin B were also measured in order to determine how cocaine affects the activity of this enzyme. We also found 60 % higher levels of active cathepsin B in supernatants HIV-infected cocaine treated compared with supernatant HIV. These data suggest an enhancement of cathepsin B secretion and activity in HIV infection and cocaine exposure that could result in increased brain damage.
Studies of cathepsin B endogenous inhibitor; cystatin B show the importance of this protein in HIV-1 replication (Luciano-Montalvo et al. 2008; Luciano-Montalvo and Meléndez 2009; Rivera-Rivera et al. 2012 ) and in other conditions such as progressive myoclonus epilepsy (Lehtinen et al. 2009 ). Our results show increased levels of secreted cystatin B from HIV-infected cocaine-treated MDM cultures compared to cocaine negative HIV infected cultures at 12dpi that parallels with the peak HIV replication. These data may also suggest that cocaine enhances secretion of cystatin B in order to regulate the levels of cathepsin B. However, the inhibition of cathepsin B by cystatin B during HIV infection has demonstrated to be ineffective (Rodriguez-Franco et al. 2012) . Identification of cathepsin B as a mediator of cell death induced by amyloid beta-activated microglial cells (Kingham and Pocock 2001; Gan et al. 2004 ) and MDM (RodriguezFranco et al. 2012 ) has been demonstrated and additional studies further support the role of this protein in neuronal apoptosis (Yamashima et al. 1998; Kingham and Pocock 2001; Sun et al. 2010; Luo et al. 2010; Rodriguez-Franco et al. 2012; Cho et al. 2013) . However, only a single study has shown the opposite, a neuroprotective effect for cathepsin B (Nagai et al. 2005) .
Our current study demonstrates that cocaine enhances HIV-1 infection, promoting the secretion of toxic levels of the protease cathepsin B from MDM inducing neuronal apoptosis. To determine the specificity of neuronal death by this enzyme, we used the specific cathepsin B inhibitor CA-074 (Cho et al. 2013 ) and a monoclonal anti-cathepsin B antibody. We observed decreased levels of neuronal death after addition of MCM pre-treated either with CA-074 or cathepsin B antibody. These data reveal that cocaine enhances cathepsin B secretion during HIV-1 inducing detrimental effects in neurons. Therefore targeted extracellular cathepsin B inhibitors could be a potential complementary therapy to cART in order to ameliorate the neurotoxic effect of cocaine in HIV-1 infected patients.
In conclusion, our results demonstrate that cocaine enhances HIV-1 infection promoting increased cathepsin B in patient peripheral blood, and in brain macrophages/microglia as shown in the results of post-mortem brain tissue from the NNTC. In addition our in vitro studies demonstrated cocaine induces increased cathepsin B secretion from HIV-infected MDM that results in neuronal apoptosis and could be prevented by using the specific inhibitor of cathepsin B CA-074 or the cathepsin B antibody. Future experiments will be aimed to determine the effect of cocaine in cathepsin B secretion from HIV-infected microglia / astrocytes co-cultures and its effect in neurons.
